Abstract: This article investigates the effect of low-level ionizing radiation, namely X-rays, on the micro structural characteristics, resistance, and corrosion resistance of TIG-welded joints of AISI 304 austenitic stainless steel made using AISI 316L filler rods. The welds were made in two different environments: natural atmospheric conditions and a closed chamber filled with inert argon gas. The influence of different doses of radiation on the resistance and corrosion characteristics of the welds is analyzed. Welded material from inert Ar gas chamber TIG showed better characteristics and lesser irradiation damage effects.
Introduction
The objective of this study is to determine the effect of low intensity X-rays ionizing radiation on TIG-welds of AISI 304 stainless steel using AISI 316L as filler rods when a welding procedure modification is involved: TIG-conventional atmosphere and TIG in fully-chamber inert gas atmosphere. An analysis is made of the mechanical and microstructure properties and the effects produced by corrosion according to the radiation dose. Changes in the microstructure of a weld can change its behavior [1] [2] [3] . This article evaluates the weldability and micro-structural effects of ionizing radiation on AISI 304 stainless steel welded with a tungsten electrode and AISI 316L stainless steel filler material. The mechanical properties in response to corrosion are also examined.
This research analyses the effects of radiation on stainless steel components used in various applications, such as machines that produce radiation, elements subjected to radiation outside the atmosphere such as satellites and rockets, and nuclear waste containers. Microstructural changes can be produced in austenitic steels depending on the material and test conditions [4, 5] . In verified studies, several methods have produced significant results in TEM microstructural analysis [4, 6] . Test temperature, strains range, and the radiation dose are parameters that affect ductility in austenitic steels [7, 8] . Various studies have also determined changes in the mechanical properties of materials in highly radioactive environments [9, 10] . High intensity irradiation causes the hardening of metals, and causes small defects and dislocations in the structure during plastic deformation [11] [12] [13] [14] [15] . It has been shown that increased radiation is often accompanied by changes in the stress-strain curve with a variation of elasticity and reductions in strain hardening capacity [10] . However, these results are mostly seen for neutron irradiation and as the effects of X-ray irradiation have not yet been determined they are the subject of this study. The joints were welded in two distinct approaches. The first was a conventional TIG-weld followed by air cooling in a conventional atmosphere. The second approach was a TIG-weld in an inert argon gas chamber made especially for this type of welding, shielded from that Ar atmosphere and weld cooling taking place into the chamber. Welding in the closed chamber filled with inert argon gas is presented in Figure 1 . The welding parameters were: current 60 to 80 A, applied bias 21 V, argon flow rate 10 to 12 L/min; and a travel rate of 4 mm/s. To facilitate the process, the specimens were welded with a single bead. After sanding the bead, the specimens were mechanically cold cut to avoid any heat effect on the welds. 
Materials Used and Experimental Procedures

Materials Used
AISI 304 stainless steel is widely used in the chemical, organic liquids, aeronautical, naval, power generation, nuclear industries, as well as in construction, pharmaceutical and food handling, and transport. It is also used in cutlery, sinks, pipe-lines, vessels, tanks, elevator rendering and many other applications. AISI 316L stainless steel is widely used in the chemical and petrochemical industry. It is used as a filler material in welding and due to its low carbon content prevents the formation of chromium carbide at the grain boundaries. Both chemical compositions are shown in Table 1 . The test specimens were prepared from plates of AISI 304 stainless steel measuring 180 mm in length, 75 mm in width, and 1.5 mm thick; and with dimensions once welded of 180 mm in length, 150 mm in width, and 1.5 mm thick. The joints were welded in two distinct approaches. The first was a conventional TIG-weld followed by air cooling in a conventional atmosphere. The second approach was a TIG-weld in an inert argon gas chamber made especially for this type of welding, shielded from that Ar atmosphere and weld cooling taking place into the chamber. Welding in the closed chamber filled with inert argon gas is presented in Figure 1 . The welding parameters were: current 60 to 80 A, applied bias 21 V, argon flow rate 10 to 12 L/min; and a travel rate of 4 mm/s. To facilitate the process, the specimens were welded with a single bead. After sanding the bead, the specimens were mechanically cold cut to avoid any heat effect on the welds. Three batches of welded specimens were irradiated with X-rays ionizing radiation doses of 200, 700, and 1000 Gy respectively. The fourth batch remained unirradiated (0 Gy). The radiation doses in all cases was measured in J/kg. In the international system the unity Sievert (Sv) is used for doses absorbed by living matter, and Gray (Gy) for any other type of material. The welded plates were irradiated inside the bunker which was specifically authorized and supervised by the Spanish Nuclear Safety Council (CSN, Madrid, Spain).
The specimens were TIG-welded in a conventional atmosphere or in an argon chamber. Twentyfour specimens were produced in total for each of the tests and the specimens measured 150 mm in length, 20 mm in width, and were 1.5 mm thick. The size of the specimens met the requirements described in UNE-EN 10002-1 corresponding to: Metallic materials. Tensile test, Part 1: Test methods at room temperature. Three batches of welded specimens were irradiated with X-rays ionizing radiation doses of 200, 700, and 1000 Gy respectively. The fourth batch remained unirradiated (0 Gy). The radiation doses in all cases was measured in J/kg. In the international system the unity Sievert (Sv) is used for doses absorbed by living matter, and Gray (Gy) for any other type of material. The welded plates were irradiated inside the bunker which was specifically authorized and supervised by the Spanish Nuclear Safety Council (CSN, Madrid, Spain).
The specimens were TIG-welded in a conventional atmosphere or in an argon chamber. Twenty-four specimens were produced in total for each of the tests and the specimens measured 150 mm in length, 20 mm in width, and were 1.5 mm thick. The size of the specimens met the requirements described in UNE-EN 10002-1 corresponding to: Metallic materials. Tensile test, Part 1: Test methods at room temperature. The researched welds were irradiated with different doses to study the evolution and behavior of materials under irradiation. The X-ray equipment operates at 200 KV maximum and 4.5 mA, and emits radiation at an angle of 40, although the welded plates were irradiated with 160 KV voltage and 3.5 mA at doses of 15 uninterrupted minutes to avoid overheating the unit.
The exposure time of the specimens after which we searched for the required radiation dose was as follows: 200 Gy-exposure time 35 h; dose of 700 Gy-exposure time 125 h; dose of 1000 Gy-exposure time 178 h. The device has been manually connected 428 times, 15 min each, for a total of 178 h of irradiation. Every week, it was radiated around 25 h. Welding was carried out in an inert and environmental atmosphere in order to be subsequently radiated and see the effects caused in both cases.
The welding parameters were 70 A, 20 V and 10 L/min of argon output nozzle. Approximately 200 mm/min was the welding speed.
Experimental Processes
Comparisons are made in terms of a microstructure, resistance, and corrosion for the AISI 304 steel welds made in different atmospheres with tungsten electrodes and AISI 316L filler. Tensile test: This test was carried out in concordance to UNE-EN 10002-1 standard tests. Mechanical properties: Tensile strength, yield strength, break strain and break energy were determined as indicative parameters of structural changes.
Microhardness test: To describe the influence of the different crystal structures we used a microhardness test according to UNE-EN 1043-2 standard. Microhardness was assessed in three different zones: the base material (BM) in the thermally affected zone (TAZ); the interface between TAZ and the zone with weld filler material (WZ), and the weld filler material zone (WZ).
The device used for microhardness testing is a vickers type, namely, a diamond pyramid type that in our case causes a small footprint when the order of 300 g loads is applied.
Pitting corrosion test: the welds were prepared by cutting and machining the specimens. One group of specimens was selected to determine the mechanical characteristics according to UNE-EN ISO 7348:2006 and UNE 112-029. Micrographs were obtained from a second group of specimens. A third group of specimens was put in a 10% ferric chloride solution for 72 h to observe the degree of corrosion suffered by the welds.
The speed at which the tensile test was done was 300 N/s. The samples were flat. The test specimens were prepared from plates of AISI 304 stainless steel measuring 180 mm in length, 75 mm in width, and 1.5 mm thick; and with dimensions once welded-180 mm in length, 150 mm in width, and 1.5 mm thick.
Results and Discussion
The results presented in this work try to verify the influence of welding process on the behavior of the AISI 304 stainless steel TIG-welds made with ER AISI 316 L rods in conventional atmosphere and argon chamber; and subsequently subjected to ionizing radiation and evaluate the response to corrosion to learn how to prevent deterioration in aggressive environments.
Strength Properties
Data from tensile tests results are presented in Table 2 . Materials welded in the Ar chamber attain better behavior because of its more favorables properties. That is because the Ar atmosphere is continuous in the chamber, it is filled up and its gas losses are supplied. The argon is too cold when it enters the chamber and has a great capacity to maintain and extract the welding heat. The Ar gas in the conventional procedure TIG is exposed to the environmental conditions, it could have stability protector steam and its cooling capacity is more restrictive. Yield and tensile strength of the irradiated welds tend to decrease until reaching a minimum when irradiation reaches 700 Gy and both strengths rise. The recovery part takes place for irradiation values of 1000 Gy. This has been generally verified in all the test specimens. The break strain (ductility) and break energy (toughness) reduce continuously leading to embrittlement of irradiated weld samples, Table 2 . At low radiation levels, the absorbed energy produces interatomic vibrations that increase defect formation in the network, mainly leading to vacancies. That causes reduction in the mechanical characteristics. Atomic motion grows with high doses of radiation and dislocations, and massive pinning is involved in the structure. The result was an increase in the strength characteristics and embrittlement when subjected to plastic deformation. The fractures were mostly ductile and generally occurred in the thermally affected zone (TAZ) at the interface between the AISI 304 steel plate and the AISI 316L filler material. The fractures occurred in this area because there are changes in the grain structure: recovery grain, diffusion of Mo, Ni and C, and probably some Mo-carbides precipitation to prevent the massively harmful precipitation of Cr-carbides [16] [17] [18] .
Microhardness Test Results
Microhardness results are shown in Table 3 . The maximum hardness is produced at the weld interface with an absorbed dose of 1000 Gy. There is little variation in hardness for the three radiation levels. It is evident that the area of the AISI 304 base metal is harder than the AISI 316L filler metal in the weld, as a result of a process similar to casting solidification. There is little variation between the hardness values produced by the two welding environments (conventional atmosphere and an argon chamber) as stainless steel generally hardens with deformation. However, very small differences in hardness were produced by variations in radiation dose. 0  220˘5  220˘6  195˘9  202˘8  200˘9  203˘8  200  215˘8  218˘9  221˘9  190˘7  204˘9  202˘7  700  210˘10  214˘9  213˘8  189˘9  194˘8  200˘9  1000  230˘9  223˘10  225˘10  215˘9  202˘10  230˘9 The results show that the increase in mechanical and resistant characteristics following irradiation at 1000 Gy produced a progressive embrittlement. The structure of the specimens after welding in two distinct environments and irradiation at the three distinct levels did not vary; and so the progressive embrittlement was the consequence of absorbed energy producing a change in the equilibrium positions of the atoms which, in turn, pinned dislocations. This increase in embrittlement may also be the consequence of increased corrosion as can be observed in the micrographs, Figures 2 and 3 and is especially noticeable in the specimens welded in a conventional atmosphere.
since this small appearance of carbides is a consequence of not being a total solubilization process. In Figure 3 
Characteristics of the Corrosion Pitting
The results regarding resistance to pitting corrosion are presented in Figure 4 for the specimens that were welded in a conventional atmosphere, and Figure 5 for the specimens welded in an argon atmosphere chamber. The corrosion aspects are related to the level of radiation. Specimens welded in the argon chamber were less corroded at 200 and 700 Gy irradiations. However, defects that since this small appearance of carbides is a consequence of not being a total solubilization process. In Figure 3 there are structural variations and although the filler material and the area affected thermally are very similar to Figure 2 , the grain size is smaller, as is the formation of carbides, in consequence of the total isolation from the atmospheric and environmental influence, which benefits the action of the influence of ionizing radiation improving both the corrosion and embrittlement, as the irradiated dose increases. 
The results regarding resistance to pitting corrosion are presented in Figure 4 for the specimens that were welded in a conventional atmosphere, and Figure 5 for the specimens welded in an argon atmosphere chamber. The corrosion aspects are related to the level of radiation. Specimens welded in the argon chamber were less corroded at 200 and 700 Gy irradiations. However, defects that Figure 2 shows weldings with the filler AISI 316L, the structure material is dentritic grain, which is characteristic for austenitic grain when we approach the thermally affected area. As you can see in the interface there are combinations between dentritic and austenitic grains and small formations of chromium carbide, which are fully austenitic in the thermally affected area but larger than the material base, where one can see a major presence of carbides of chrome compared to the interface, since this small appearance of carbides is a consequence of not being a total solubilization process. In Figure 3 there are structural variations and although the filler material and the area affected thermally are very similar to Figure 2 , the grain size is smaller, as is the formation of carbides, in consequence of the total isolation from the atmospheric and environmental influence, which benefits the action of the influence of ionizing radiation improving both the corrosion and embrittlement, as the irradiated dose increases.
The results regarding resistance to pitting corrosion are presented in Figure 4 for the specimens that were welded in a conventional atmosphere, and Figure 5 for the specimens welded in an argon atmosphere chamber. The corrosion aspects are related to the level of radiation. Specimens welded in the argon chamber were less corroded at 200 and 700 Gy irradiations. However, defects that occurred in the specimens exposed at 1000 Gy affected the grain microstructure due to embrittlement from displacement caused by atomic vibration and pinned dislocations from the X-ray energy received. Little corrosion occurred at low irradiance levels, but corrosion increased markedly at higher levels. To quantify the results, the specimens were weighed before and after being subjected to 72 h of corrosion. The results showed that a pitting corrosion rate of 3.1ˆ10´3 g/h occurred in the specimens welded by conventional TIG irradiated with 1000 Gy. A better result was reached with coupons welded in the chamber: 2.8ˆ10´3 g/h.
Metals 2016, 6, 102 6 of 10 occurred in the specimens exposed at 1000 Gy affected the grain microstructure due to embrittlement from displacement caused by atomic vibration and pinned dislocations from the X-ray energy received. Little corrosion occurred at low irradiance levels, but corrosion increased markedly at higher levels. To quantify the results, the specimens were weighed before and after being subjected to 72 h of corrosion. The results showed that a pitting corrosion rate of 3.1 × 10 −3 g/h occurred in the specimens welded by conventional TIG irradiated with 1000 Gy. A better result was reached with coupons welded in the chamber: 2.8 × 10 −3 g/h. Metals 2016, 6, 102 6 of 10 occurred in the specimens exposed at 1000 Gy affected the grain microstructure due to embrittlement from displacement caused by atomic vibration and pinned dislocations from the X-ray energy received. Little corrosion occurred at low irradiance levels, but corrosion increased markedly at higher levels. To quantify the results, the specimens were weighed before and after being subjected to 72 h of corrosion. The results showed that a pitting corrosion rate of 3.1 × 10 −3 g/h occurred in the specimens welded by conventional TIG irradiated with 1000 Gy. A better result was reached with coupons welded in the chamber: 2.8 × 10 −3 g/h. For the specimens welded in a conventional atmosphere it was also found that the corrosion was less in the specimens irradiated at 200 and 700 Gy than at 1000 Gy. However, corrosion was lesser for specimens welded in the argon chamber and this was possibly because of a more uniform cooling in the argon chamber that produced more stable microstructure with smaller grains, less movement from atomic vibration and lesser dislocation density. Thus, it can be seen that corrosion increases with irradiation. At 200 and 700 Gy the corrosion is greater in specimens welded in a conventional atmosphere than in the argon chamber. However, corrosion also increased considerably for the argon chamber welded specimens when radiation levels reached 1000 Gy.
Analysis of Welded Microstructures
All micrographs from Figures 2 and 3 show three different areas: in the thermally affected zone (TAZ) the material area has a type of austenitic grain characteristic of stainless steel; in the interface area the austenitic grain combines with dendrite grains. The austenitic grain is larger here than in the base material area; and the weld zone (WZ) where the grain has solidified with a dendrite form is defined by a shape similar to the casting alloy. The solidification in the interface zone reveals a combination of equiaxed and dendritic grains with some chromium carbide precipitates at the grain boundary due to the AISI 316 L steel filler. In the TAZ near the weld, dendritic grains are larger than those in the base material due to the increased temperature in the welding process.
In the micrographs of the specimens with increased irradiation levels it is not possible to detect an embrittlement in the grain structure because of the radiation, and this effect is revealed in the variation in the resistance characteristics. In the welding of AISI 304 steel with 316L filler in the argon chamber it was possible to observe that the absorbed radiation affected both the mechanical and corrosion characteristics.
In the welding of AISI 304 steel + 316L with 200 Gy the minimal embrittlement of the material is revealed in the minimum yield and tensile strength, as well as the minimum hardness obtained in the Vickers microhardness test. In contrast, maximum intergranular and surface corrosion follows the absorption of 1000 Gy and this is probably due to variations in the embrittlement at the grain boundary limits. This confirms that radiation changes the material properties and that, as more radiation is absorbed, more embrittlement and corrosion occurs in the base material and weld.
Figures 6 and 7 indicate that the structural constituents are practically the same before and after irradiation. However, there is a variation in corrosion for irradiations at 200 Gy and 1000 Gy with a change in the atomic structure of the network generating defects at an interatomic level that change the mechanical and corrosive properties. Changes in spectrum signal of Ni, Mo and C appreciate, and so Mo carbide precipites while Cr remains in solid solution. 
Conclusions
This study has shown that ionizing radiation varies the mechanical and structural properties of welds made in AISI 304 steel with 316L filler when welded in either a conventional atmosphere or an argon chamber.
A significant embrittlement of the material occurs following a dosage of 1000 Gy and this may be due to the absence of a constant cooling rate that would enable the grain structure to become more stable. One solution would be to weld in an inert argon chamber to protect the weld from sudden temperature changes. Given that the argon chamber maintains a constant cooling rate, welds made in the chamber revealed fewer differences in values for corrosion and resistance. A constant cooling rate may affect the grain structure so that it is more uniform and stable after irradiation due to less grain boundary embrittlement. Such material stability is essential for welding methods [19, 20] .
In general, welds subjected to doses of ionizing radiation have a reduced capacity to resist corrosion, and this is especially true for welds made in a conventional atmosphere. The microstrength tests showed that corrosion increased as irradiation increased, a tendency that was clearly seen when the dose was 1000 Gy or Sv.
Welds of AISI 304 steel made with 316L filler in a conventional atmosphere suffered the most corrosion. Given the convergence at high levels of irradiation it will be interesting in future studies to raise the irradiation levels.
Regarding the mechanical characteristics of the joints, the higher values of yield and tensile strength, strain and toughness are associated with the use of an argon chamber due to the protective effect of this atmosphere. Hardness shows a different behavior, with more similar values for both the samples welded at conventional atmosphere and at the argon chamber, and no clear conclusion can be extracted from the measurements, perhaps due to the statistical dispersion associated with those measures.
As shown in Table 2 , the effect of an increment in the radiation dose received by the samples has a detrimental effect on the mechanical properties of the joint if the dose is less or equal to 700 Gy, but when the dose reaches 1000 Gy, this behavior changes and a notable recovery in all the mechanical properties is detected, with values that sometimes surpasses those of the samples not irradiated. The evolution of hardness shows the same tendency as the mechanical properties, with a loss of hardness until a dose of 700 Gy is reached and a recovery for doses of 1000 Gy. This result will trigger future research into high doses of radiation, relative to atomic vibrations and locks dislocations that may occur.
This behavior: a loss of properties until a certain dose of radiation is achieved. This is supposedly caused by an initial increase in vacancies population and a further embrittlement and increased 
This behavior: a loss of properties until a certain dose of radiation is achieved. This is supposedly caused by an initial increase in vacancies population and a further embrittlement and increased hardness caused by dislocation pinnig. This effect is more significant in specimens welded in a conventional atmosphere than in an argon chamber.
